Many cell division cycle (cdc) mutants of Saccharomyces cerevisiae exhibit elevated mitotic loss of pDK243, a 14-kilobase minichromosome with a centromere and one autonomous replicating sequence (ARS). Tandem copies of different ARSs were added to pDK243. The addition of these ARS clusters to pDK243 had no effect on its mitotic loss in cdc7 (protein kinase), cdc9 (DNA ligase), or cdc16 or cdc17 (DNA polymerase) mutants. However, in cdc6 and cdc14 mutants, the mitotic loss of pDK243 with an ARS cluster was suppressed by a factor of 6-8 compared to pDK243 without the cluster. This suppression was dependent upon the number of ARSs in the cluster and the integrity of the ARS consensus sequence in each ARS of the duster. ARSs are known to be DNA replication origins. Therefore, the suppression of minichromosome loss by ARSs in cdc6 and cdc14 mutants suggests that these mutants are defective in the initiation of DNA replication. Since the CDC6 protein appears to act at the G1/S phase transition, the CDC6 protein may be a factor required at the beginning of S phase to initiate DNA replication at origins.
Many of the proteins that mediate the initiation of eukaryotic chromosome replication have not been identified. One approach to isolating these proteins is to assume that a subset of them will bind to DNA replication origins. In the yeast, Saccharomyces cerevisiae, specific nucleotide sequences [the autonomous replicating sequences (ARSs)] that promote autonomous replication of artificial chromosomes have been identified (1, 2) . These ARSs have been shown to be DNA replication origins on endogenous and artificial chromosomes (3) (4) (5) (6) . A comparison of the nucleotide sequence of ARSs revealed a conserved central core of 11 base pairs (bp); 3' to the thymidine-rich strand of the core are z100 bp of A+T-rich DNA (7) . The mitotic loss rate of artificial chromosomes with a single wild-type or mutant ARS has been used as a measure of the relative ability of various ARSs to act as origins (8) (9) (10) (11) . By using this assay, the core sequence and its 3' flanking sequence have been shown to be required for the origin function of all ARSs whereas sequences 5' to the core are important for maximal origin function in some ARSs. Several proteins that bind to the core sequence or flanking sequences have been identified by genetic or biochemical methods (12) (13) (14) (15) . To date, however, a direct role for these proteins in DNA replication has not been demonstrated.
The products ofthe cell division cycle (CDC) genes are also potential candidates for proteins that are involved in the initiation of DNA replication. These genes are defined by temperature-sensitive mutants that arrest at distinct stages of the cell cycle when shifted to the nonpermissive condition (16) . When cdc mutants are grown at temperatures that partially inactivate their products, a subset has elevated mitotic loss of endogenous chromosomes and artificial minichromosomes (17, 18) . Hartwell and Smith (17) suggested that the proteins encoded by this subset of CDC genes might be involved in some aspect of normal chromosome metabolism such as DNA replication or chromosome segregation. In fact, three of the CDC genes in this subset encode DNA polymerases (CDC2 and CDC17) (19) (20) (21) and DNA ligase (CDC9) (22) . Another two genes in this subset, CDC6 and CDC7, encode proteins that function at a step in the cell cycle just prior to DNA elongation. The time of action of these two proteins makes them candidates for regulating or participating directly in the initiation of DNA replication. CDC7 protein is a serine threonine kinase (23, 24) , whereas the function of CDC6 protein is unknown.
In this report, we investigated the role of CDC proteins in the initiation of DNA replication. Specifically, we asked whether minichromosome loss induced in a subset of cdc mutants could be suppressed by adding multiple ARSs to the minichromosome. We chose to analyze four cdc mutants that arrest in S phase, the cdc6 and cdc7 mutants and two mutants known to be defective in DNA elongation, cdc17 and cdc9. In addition, we analyzed two other cdc mutants, cdc16 and cdcl4, that also exhibit a dramatic increase in minichromosome loss (18) . The CDC16 and CDC14 proteins appear to function at steps in the cell cycle after the completion ofDNA replication (25, 26) . We found that the addition of multiple ARSs to a minichromosome suppressed its loss in cdc6 and cdcl4 mutants but not in cdc7, cdc9, cdcl6, or cdc17 mutants. These observations are discussed in light of our knowledge of the properties of these CDC proteins and their time of function in the cell cycle.
MATERIALS AND METHODS
Plasmid Constructon. A 374-bp restriction fragment that contained the wild-type H4 ARS had been isolated and subjected to in vitro mutagenesis (9, 11) . EcoRl-HindIII restriction fragments containing the various ARS derivatives were ligated with EcoRI/HindIII-digested pDK302, a vector with a yeast centromere (CEN3), a yeast selectable marker (URA3), and an Escherichia coli selectable marker and origin of replication (27) . Alternatively, these wild-type and mutant H4 ARS fragments were introduced in either pUC8 or pIC19H (28) . A Xho I restriction site was introduced into the polylinker ofthese plasmids by ligating a Xho I linker into the Sma I site ofthe polylinker. These vectors were digested with Xho I and Sal I, which released a 380-bp Xho I-Sal I restriction fragment that contained all of the H4 ARS DNA and a few extra bases from the polylinker. These fragments Abbreviations: cdc or CDC, cell division cycle; ARS, autonomous replicating sequence.
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were isolated and ligated to the vector pDK243 (29) cut with Sal I (see Fig. 1 ). The ligations were done with excess fragment to increase the probability of obtaining multiple inserts. The recombinant molecules were recovered in the E. coli DB6329 by selecting for complementation of the leuB marker of DB6329 by the yeast LEU2 gene on the vector (29) . Plasmid DNA was recovered from several independent isolates and digested with Nru I and EcoRI. The Sal I site of pDK243 lies within a Nru I-EcoRI restriction fragment. The number of ARS fragments inserted into the Sal I site of recombinant molecules was determined by taking the difference between the molecular weights of the Nru I-EcoRI fragments of the recombinant and parental plasmids and dividing this difference by the molecular weight of the ARS restriction fragment. By digestion of plasmids with Sal I and EcoRI, recombinant clones were identified in which all of the ARS inserts were in a directly repeated array and the orientation of the array relative to flanking plasmid sequences was the same.
Mitotic Loss of Minichromosomes with Various ARS Derivatives in cdc Mutants. Recombinant plasmids derived from pDK243 were transformed into a series of congenic strains containing leu2 ade2 ade3 his7 markers and various cdc mutations (18) . To test the effect of different numbers of wild-type and mutant ARSs on minichromosome transmission, transformants of each cdc strain were used to inoculate 5 ml to 50 ml of YPD medium (30) supplemented with adenine (10 jig/ml) and grown overnight at 23°C. When cells in the cultures reached a density of 3 x 106 to 1 x 107 cells per ml, a sample was diluted and spread onto YPD plates. The cultures were then shifted to 36°C and incubated for 3 h. At the end of 3 h, >90%o of the cells were arrested at the appropriate stage of the cell cycle, indicating that the CDC gene product in the majority of cells had been inactivated. Arrested cells were diluted and spread onto YPD plates at 23°C where they reentered the cell cycle. The dilution and plating were done rapidly to ensure that arrested cells did not complete a cell division before they were plated. Cells plated prior to or after the pulse at 36°C were allowed to form colonies and develop color. To determine the total rate of minichromosome loss in these cells, -500 colonies were scored for half-sectored colony morphology (18, 31) . The average loss rate for each minichromosome prior to or after the pulse at 36°C was determined from the loss rates observed for four to eight trials using several transformants.
Origin Function of Wild-Type and Mutated H4 ARSs. To test the relative amount of origin function for the wild-type and mutant ARSs, these ARSs were inserted into pDK302, a plasmid that contained a centromere and selectable marker but lacked a canonical ARS (27) . Derivatives of pDK302 containing a single copy of these ARSs were transformed into 4513-216 (MATa his3 leu2 ade2 ade3 ura3 canl sap3) (27) . Four transformants were picked from selective plates and inoculated into 5 ml of YPD medium supplemented with adenine. Immediately after inoculation (t0) and after seven to nine generations of growth (tf), cells from the YPD cultures were diluted and spread onto plates that were selective or nonselective for the minichromosome. By counting the col-
onies, we determined the total number of cells in the cultures at t0 and tf and the fraction of those cells with the minichromosome. These values were used to calculate the mitotic loss rates of the plasmids as described (27, 29) . The average mitotic loss rate for each plasmid and the standard deviation was determined from four trials.
RESULTS
Rationale for Experimental Design. If a protein is involved in the initiation of DNA replication, then a reduction in the quality or quantity of its function might lead to a reduced efficiency of initiation of DNA replication and to subsequent chromosome loss. Under limiting CDC function, addition of extra DNA replication origins to the chromosome might improve its probability of establishing an active origin that would result in a reduction in chromosome loss. To test this possibility, we examined the mitotic loss rate of a minichromosome, pDK243, with and without extra ARSs in various cdc mutants. pDK243 is an artificial circular chromosome containing a single origin of replication (ARSI), a centromere (CEN3), a selectable marker (LEU2), and a marker (ADE3-2p) for following changes in chromosome ploidy ( Fig. 1) . Clusters of origins were added to pDK243 by ligating restriction fragments with ARSs into the unique Sal I site of this plasmid (see Fig. 1 ). These plasmids were transformed into congenic strains that contained different cdc mutations. The mitotic loss rates ofpDK243 with and without additional ARSs were measured in cdc cells incubated at the permissive temperature only or in cdc cells incubated for 3 h at the nonpermissive temperature and thus temporarily depleted for the function.
Mitotic Loss of pDK243 and pDK368-7 Minichromosomes in Various S-Phase cdc Mutants. pDK368-7 is a derivative of pDK243 that contains seven copies of a 374-bp restriction fragment that includes the H4 ARS. We examined the mitotic loss of this plasmid and pDK243 in cdc6, cdc7, cdc9, or cdcl 7 mutants. The mitotic loss of pDK243 was 7-to 30-fold greater in these cdc mutants after brief exposure to the nonpermissive temperature than in CDC' cells (Fig. 2 ) or in these cdc mutants grown at their permissive temperature only (data not shown). Therefore, as we reported (18) , the mitotic loss rate of pDK243 was induced by conditions that reduced the function of these four CDC proteins. The mitotic loss of pDK368-7 was 7.5-fold less than pDK243 in cdc6 cells incubated at the nonpermissive temperature, 1. (Fig. 3) . To assess the amount of origin function associated with these restriction fragments, we introduced a single copy of each into pDK302. This plasmid contained a centromere and selectable marker but lacked a canonical ARS sequence (27 (9) . The isolation and nucleotide sequence of these mutated derivatives of the H4 ARS restriction fragment have been reported (9, 11) . Mutation 89/32 contains a 12-bp substitution for the central core. R9 contains the 3' flanking sequences and 6 bp of the core. L60 contains the 5' flanking sequences and 6 bp of the core. R8 contains the 3' flanking sequence, the entire core, and 2 bp of 5' flanking sequence. The A+T content was 70%o for the wt, R9, and R8 inserts and 68% for the 89/32 insert.
Seven copies of each of the mutated H4 ARS restriction fragments were inserted in tandem into the unique Sal I site of pDK243 (Fig. 1) . These recombinant plasmids were transformed into cdc6 cells. After brief exposure of the cdc6 cells to the nonpermissive temperature, the mitotic loss rate for pDK398-7 was identical to pDK243 (Table 2) ; thus a substitution of just the H4 ARS central core abolished both the ability of the H4 ARS restriction fragment to suppress the mitotic loss of pDK243 and its origin activity. Similarly, deletions of the H4 ARS restriction fragment that abolished (L60 or R9) or reduced (R8) its origin function also abolished or reduced its ability to confer suppression (Tables 1 and 2) . Finally, mutant inserts that failed to suppress had either the same length or A+T content as the wild-type insert; thus neither of these two properties of the wild-type insert could account for its ability to suppress. Therefore, the insert's origin function was apparently necessary for it to suppress the mitotic loss of pDK243 in cdc6 cells.
Suppression of Mitotic Loss of Minichromosomes as a Function of the Number of H4 ARS Inserts. The previous experiments suggested that an insert must have origin function to suppress the mitotic loss of pDK243 in cdc6 cells. Next, we determined whether the amount of suppression was depen- (1) 2 (0.5) Derivatives of pDK243 were constructed by insertion of seven tandem copies of a particular H4 ARS restriction fragment at the Sal I site (see Fig. 1 ). The mitotic loss rates of pDK243 and these derivatives were measured in cell divisions where the cdc6 and cdc14 proteins were temporarily inactivated by growing cells briefly at the nonpermissive temperature (see Fig. 2 ). Mitotic loss rates are expressed as the percent of cell divisions where a mitotic loss event was observed. Standard deviations are in parentheses. wt, Wild type. dent upon the number of inserts with origin function. For this purpose, we constructed minichromosomes with different numbers of wild-type H4 ARS inserts. These minichromosomes were then introduced into cdc6 cells, and the rates of loss of these plasmids were determined in cells that were exposed briefly to the nonpermissive temperature (Fig. 4) . A greater number of H4 ARS inserts in pDK243 correlated with a lower mitotic loss in cdc6 cells. Therefore, the amount of suppression of the mitotic loss of pDK243 in cdc6 cells was dependent upon the number of inserts with origin function.
Mitotic Loss of Minichromosomes in cdc14 and cdc16 Cells. We also examined the mitotic loss of pDK243 with and without extra origins in cdc16 and cdc14 mutants. After exposure of cdc16 cells to the nonpermissive temperature, the mitotic loss rate of pDK368-7 was only 1.3-fold less than pDK243 (Fig. 2) . Therefore, the mitotic loss ofpDK243 in the cdc16 mutant could only be weakly suppressed by addition of extra wild-type H4 ARS sequences. In contrast, the mitotic loss rate of pDK243 with inserts of wild-type H4 ARS (Fig.  3 ), R8 H4 ARS (Fig. 3) , or ARS1 (data not shown) was 6-fold less than pDK243 in cdcM4 mutants (Table 2 ). These inserts all have origin function (Table 1) . No suppression was observed for pDK243 with R9, 89/32, and L60 inserts ( Table  2) . These inserts all lacked origin function (Table 1) . Therefore, the suppression of mitotic loss of pDK243 in cdc14 cells apparently required that the insert in pDK243 have origin function. The amount of suppression in cdc14 cells also increased with the number of wild-type H4 ARS inserts (Fig.  4) . Unlike the CDC6 gene, multiple alleles of the CDC14 gene have been isolated. Minichromosome loss and ARS suppression were similar for the cdc14-1 allele (Figs. 2-4 and Table  2 ) and the cdc14-8 allele (data not shown), suggesting that the ARS suppression was not confined to a single allele of CDC14 gene. In conclusion, the ARS suppression of pDK243 loss was very similar in cdc6 and cdcl4 cells. However, the R8 H4 ARS insert with partial origin function was capable of suppressing the mitotic loss rate of pDK243 in cdc14 cells to a much greater extent than in cdc6 cells (Table 2) .
DISCUSSION
In this report we showed that the mitotic loss of pDK243, a minichromosome with a single ARS, was induced in cdc6, cdc7, cdc9, cdc14, cdc16, and cdc17 mutants. Tandem copies of restriction fragments with either the H4ARS or ARS1 were inserted into pDK243. The addition of a wild-type ARS cluster to pDK243 had no effect on its mitotic loss in cdc7 (protein kinase), cdc9 (DNA ligase), or cdcl6 or cdcl7 (DNA FIG. 4 . Mitotic loss rate of minichromosomes with various numbers of wild-type H4 ARS inserts in cdc6 and cdc14. Plasmids were constructed that contained various numbers ofthe wild-type H4 ARS inserts in the unique Sal I site ofpDK243 (see Fig. 1 ). These plasmids were transformed into cdc6 and cdcl4 cells. The mitotic loss rates of pDK243 and these derivatives were measured in cell divisions where the cdc6 and cdc14 proteins were temporarily inactivated by growing cells briefly at the nonpermissive temperature (see Fig. 2 ). Mitotic loss rates are expressed as the percent of cell divisions where a mitotic loss event was observed. Error bars indicate the standard deviations obtained from three or more trials. polymerase) mutants. In contrast, in cdc6 and cdcl4 mutants, the mitotic loss of pDK243 with ARS clusters was suppressed by a factor of 6-8 compared to pDK243. This suppression was dependent upon the number of ARSs in the cluster and the integrity of the ARS consensus sequence in each ARS of the cluster.
ARSs are known to be DNA replication origins (3) (4) (5) (6) . Therefore, one explanation for the ability of ARS clusters to suppress pDK243 loss in cdc6 and cdcl4 mutants is that the CDC6 and CDC14 proteins are involved in the initiation of DNA replication. In this case, a reduction in the quality or quantity of their function might lead to a reduced efficiency of initiation of DNA replication and to subsequent minichromosome loss. The addition of extra DNA replication origins to the minichromosome might improve its probability of establishing an active origin, which would be reflected in the suppression of minichromosome loss. Alternatively, CDC6 and CDC14 could participate in DNA elongation. For example, under conditions of limiting CDC6 or CDC14 function, a replication fork might occasionally terminate prematurely. Addition of an extra origin to the minichromosome might create a second replication fork that would complete the replication of the molecule.
Of these two hypotheses, we favor that the CDC6 and CDC14 proteins may be involved in the initiation of DNA replication rather than DNA elongation. (i) The addition of ARS clusters to minichromosomes did not suppress their loss in cdcl7 and cdc9 mutants, which are defective in activities specifically required for DNA elongation (19) (20) (21) (22) . (ii) The fact that suppression in cdc6 and cdcl4 mutants is dependent upon the number of ARSs in the cluster is difficult to reconcile with these mutants being defective in DNA elongation.
Several published observations are also consistent with the hypothesis that the CDC6 and CDC14 proteins are involved in DNA initiation rather than DNA elongation. (i) The CDC6 and CDC14 proteins act at stages of the cell cycle distinct from known DNA elongation proteins (see below). (ii) The type of minichromosome loss in cdc6 and cdcl4 mutants is distinct from other cdc mutants including those affecting DNA elongation. Two types of chromosome loss events can be distinguished by a visual assay for chromosome ploidy (29, 31) ; the two daughter cells of a division either receive 1 and 0 (1:0) or 2 and 0 (2:0) copies of a chromosome. Out of 13 cdc mutants tested, only the cdc6 and cdcl4 mutants exhibited elevated levels of 1:0 minichromosome loss events exclusively (18) . The 1:0 events are the expected outcome for cells that fail to initiate minichromosome replication because they are depleted of a DNA initiation factor. In contrast, in cells depleted for DNA elongation activities such as polymerases orligase, both 1:0 and 2:0 minichromosome loss events are induced significantly (18) . Defects in DNA elongation induce missegregation (2:0 events) of circular minichromosomes because they apparently stimulate sister chromatid recombination (18) . Therefore, the induction of only 1:0 minichromosome loss events in cdc6 and cdc14 mutants is consistent with the CDC6 and CDC14 proteins being required for DNA initiation but not elongation.
A priori, one would expect that proteins required for the initiation of DNA replication might act at the beginning of S phase. The cdc6 mutant was found to incorporate significant amounts of radioactive nucleotides into its DNA at the nonpermissive condition. However, reciprocal shift experiments between the cdc6 mutant and hydroxyurea, the DNA elongation inhibitor, suggest that the CDC6 protein apparently functions at a step in the cell cycle before DNA elongation (25) . To reconcile these two observations, Hartwell (25) suggested that the incorporation of nucleotides in the cdc6 mutant results from unscheduled repair synthesis that occurs in the absence of proper initiation. Consistent with this conclusion, cells depleted of CDC6 function arrest with a G1 phase content of DNA as determined by fluorescence-activated cell sorting (R. E. Palmer and D.K., unpublished results). Therefore, the apparent G1/S function of CDC6 protein coupled with ARS suppression of minichromosome loss in the cdc6 mutant (this study) suggests that the CDC6 protein may participate directly in the initiation of DNA replication. The CDC6 gene has been cloned and sequenced (33) . The predicted primary amino acid structure of CDC6 has revealed that it has a consensus nucleotide binding site (33, 34) and some similarity to a subunit of guanine nucleotide binding proteins (34) . Clearly, more information on function of the CDC6 protein will be necessary before one can understand the significance of these structural motifs in its putative role in initiation of DNA replication.
In contrast to the G1/S function of the CDC6 protein, several observations suggest that the CDC14 protein acts at a step late in the cell cycle. (i) The terminal arrest phenotype of cdcM4 mutants is a telophase-like state (16) , and (ii) reciprocal shift experiments between a cdcM4 mutant and the microtubule inhibitor nocodazole suggest that the CDC14 protein functions after mitosis (26) . One might suggest that the late cell cycle function ofthe CDC14 protein precludes its involvement in the initiation of DNA replication, and therefore, the ARS suppression of minichromosome loss in the cdcM4 mutants must reflect some spurious effect. However, a more exciting hypothesis is that the late cell cycle function of the CDC14 protein is required for the efficient use of origins of DNA replication in the next cell cycle. Interestingly, the analysis of DNA replication in Xenopus laevis extracts (35) and the nuclear localization of a putative yeast replication factor (36) have led to the proposal that events late in the cell cycle might be important for 
